ABSTRACT. Bullet residue and primer particles were analyzed by scanning electron microscopy with energy dispersive analysis (SEM-EDA) and by flame and flameless atomic absorption spectrophotometry (AAS). The residue and particles were on cloth targets around entrance holes produced by bullets fired at distances of 10 to 200 m. Primer particles and their chemical constituents were almost always detected by SEM-EDA around the holes produced by rifles and pistols fired at long ranges, and in many cases the barium and antimony associated with primer particles were detected by flameless AAS. Particles were also detected by SEM-EDA on the rear of bullets fired into and recovered from wooden blocks. Usually a hole caused by a bullet jacketed with gilding metal could be distinguished from one caused by a bullet jacketed with yellow brass alloy. Paint from bullet tips of military tracers was also detected. Analysis of the various residues around entrance holes provides a means for identifying the type of ammunition used.
ayellow cartridge brass composition assumed to be 70%Cu 30%Zn [16] .
b Results based on analysis by AAS. c Results based on analysis by SEM-EDA.
In some cases an ablative transfer process is clearly involved. In test shots fired at 90 ~ into cloth targets at ranges of 10 to 200 m, with fully jacketed bullets of a copper-zinc alloy, the lead and antimony from the bullet core are readily detected. Since the bullet core never comes in direct contact with the target cloth under these conditions, the most likely explanation for the presence of the lead and antimony is that continuous ablation of the bullet core takes place during its passage through the target, which results in the transfer of bullet core particles onto the target cloth. A similar transfer process seems to be the most probable explanaof cartridges. Pb, Ba ... Many of the elements mentioned above could also originate from sources other than the bullet. For example, iron present on a rusty gun barrel could be transferred onto the bullet during firing and then transferred to the cloth. This involves a double transfer. Even at long ranges the possibility should not be ruled out that copper and zinc found near entrance holes could have originated from the cartridge case. Lead could also originate from the lead styphnate in the primer mixture, and antimony could originate from the antimony sulfide found in many primers.
FIG. 1--Diagram indicating composition of six types of ammunition tested in the study.

Copper, Zinc, and Lead
In Table 2 the results of 30 test shots are given. The elemental concentrations are reported in parts per million in the test solution. Since 2 mL of solution were used and the surface area of an 8-ram-radius circle is 2.0 cm 2, ppm ----/zg/cm 2. The copper and zinc concentrations are also reported as values normalized to 100%. Similarly, the lead plus antimony concentrations were normalized to 100%. Typical concentration ranges found in the blanks are reported at the end of the table.
The copper and zinc concentrations were normalized to 100% on the assumption that the major source of these two elements around a bullet entrance hole is the binary alloy. A total of 19 of the normalized copper-zinc values are close to 90% copper and 10% zinc, which is the composition of gilding metal, a standard alloy used in bullet jackets [10] . There are several notable exceptions. The .22-caliber Remington high-speed ammunition (test shots 6 and 7) gave normalized copper-zinc values close to 70% copper and 30% zinc. These bullets are coated with a yellow brass which appears to have the same color as the cartridge brass; thus, the data could be used to distinguish a hole caused by a Remington high-speed bullet from one caused by a Winchester X bullet, which has a coating of copper (see test shots 8 and 9). The 9-ram FN ammunition (test shot 23) also gave normalized copper-zinc values close to 70% copper and 30~ zinc. Therefore these data could be used to differentiate a bullet hole produced by a 9-ram FN bullet from holes produced by many other types of 9-ram bullets with jacket compositions of gilding metal (see test shots 19, 20, 21, 22, 24, and 25). Test shots 16 and 17 also have normalized copper-zinc values close to 70% copper and 30% zinc, consistent with their jacket composition.
Some of the bullets in Table 2 consist only of a lead-antimony alloy (test shots 10, 11, 26, 27, 28, and 29), yet various amounts of copper and zinc were detected around the bullet entrance holes. One possible explanation is prior gun barrel contamination. The only other possible source for the copper and zinc around a bullet hole caused by .22-caliber rimfire Remington standard ammunition (test shots 10 and 11) is the cartridge case. In test shot 28, made with .38 Special Peters ammunition, the normalized copper-zinc values are very close to 70% copper and 30% zinc. The most probable source of this copper and zinc is the cartridge case. The primer case is an unlikely source, since it is nickel plated and the nickel concentration around the bullet entrance hole is very low. In test shot 29, with homemade .38 Special ammunition, the only likely source of the copper and zinc is the primer case or gun barrel since the cartridge case is coated with nickel. The amounts of copper and zinc detected in this test shot are almost negligible. In test shot 26, the source of the copper and zinc is apparently the gun barrel, since the cartridge case and primer case are nickel coated and an insignificant amount of nickel was detected. The source of the copper and zinc in test shot 27 is not clear.
There is very little chance that the data from the six test shots just described would be misinterpreted as indicating a copper-zinc alloy fully jacketed bullet for the following reasons:
1. The lead concentrations from these six test shots are high, varying from 16.0 to 57 ppm, as compared to _< 7.25 ppm for copper-zinc alloy jacketed bullets.
2. The lead/copper ratios are extremely high, ranging from 52:1 to 570: I versus _< 2.4:1 in test shots with copper-zinc alloy jacketed bullets.
Interpretation of the data is more difficult when results from soft-lead bullets coated with a copper-zinc alloy are compared; nevertheless, a basis for differentiation does exist. The lead concentration range of soft-lead bullets coated with a copper-zinc alloy is 5.7 to 17.6 ppm, and the lead/copper ratio ranges from 7: 1 to 48: 1 (see test shots 6, 7, 8, and 9 in Table 2 and Remington high-speed ammunition in Table 3 ). Using these criteria, it is possible to determine if an entrance hole was caused by .22 caliber Remington high speed, .22 caliber Winchester X, or Remington standard ammunition (test shots 6 to 11). The normalized copperzinc results readily differentiate between the Remington high-speed and the Winchester X ammunition. The normalized copper-zinc results also readily differentiate between the Rein- 
Antimony and Lead
In many cases excessively large amounts of antimony, when normalized to 100% with the lead concentration, were found around the bullet entrance hole. Since most bullet lead contains up to 5% antimony [11] [12] [13] In an attempt to verify this hypothesis, a test shot was fired a distance of 25 m into a block of wood. An Uzi submachine gun and fully jacketed 9-ram noncorrosive Israeli ammunition (see Table 1 , number 18) were used. The bullet was recovered from the wood, and the area of the base of the bullet was carefully examined under the scanning electron microscope. Several spherical particles having the elemental composition characteristic of the primer were oh-served (see Fig. 2 ). A similar experiment was performed at a distance of 15 m with an Enfield revolver and .38-caliber Remington Peters ammunition (see Table 1 , number 22). Smears of lead and barium were readily observed on the rear of the bullet. The only possible source of barium was the primer (see Fig. 3 ). The results tend to confirm the hypothesis.
Nickel, Iron, and S t r o n t i u m
Three of the bullets in Table 2 are nickel plated (test shots 16, 18, and 24). The nickel concentration around the bullet holes from these test shots ranged from 0.24 to 0.84 ppm. In test shots where the primer case, cartridge case, or primer and cartridge case were coated with nickel, no significant amounts of nickel were detected (test shots 15, 22, 25, 26, 27, 28, and 29). No test shots for which the nickel concentration was determined to be > 0.05 ppm were false positives, thus providing a clear basis for distinguishing if a bullet hole was caused by a nickel-plated bullet or not. Inclusion of additional data from Table 3 results in only one false positive, if 0.05 ppm is chosen as the lower limit for significant results. Nickel is also readily detected by SEM-EDA, associated with the other elements found in the bullet and some of the elements found in the primer (see Fig. 4) .
Two of the cartridges in Table 2 contain an iron core, jacket, and cartridge case (test shots 12 and 13), one of the bullets contains an iron core and jacket (test shot 17), and four of the bullets contain iron jackets (test shots 5, 14, 18, and 24). There appears to be very little interpretive value to the iron determination, since iron concentrations equal to or greater than those found for these seven test shots were measured in several other test shots, probably from rust from the gun barrel.
Three of the bullets in Table 2 are tracers (test shots 3 
FIG. 4--Spectrum for Hirtenburg 9-ram short ammunition fired by Beretta pistol at range of 25 m.
results are far less clear for the two 5.56-caliber tracers. Examination with the scanning electron microscope of the two 5.56 tracer bullet holes reveals the presence of strontium in extremely low concentrations and associated with magnesium and chloride (see Fig. 5 ).
Paint on Bullet Tips
The tips of most military tracers are painted to distinguish them from standard ammunition, for example, the two 5.56-mm cartridges tested in this study had red tips. Frequently, a paint smear can be observed around the entrance hole caused by a tracer, providing an additional parameter for identifying the type of bullet which caused a given bullet hole. Analysis by SEM-EDA showed that the inorganic compositions of the red paint smears produced by the two tracers are not the same (see Figs. 6 and 7) . The results of the paint analysis for one tracer showed that the paint in the smear around the bullet hole was the same paint scraped off of the bullet (see Figs. 7 and 8 ), indicating that no detectable change occurred in the paint composition as a result of the firing process. Other special types of military ammunition are also frequently painted various colors. For example, the tip of the bullet of a 7.62 X 39-mm Egyptian armor-piercing incendiary round for the Kalashnikov rifle is painted red and black. Analysis of the paint by SEM-EDA revealed silicon and organic matter. This is of very limited value for identification purposes, except to distinguish it from another specimen.
Tin. Barium, and Potassium
Tin was detected in two of the shots listed in Table 2 (test shots 12 and 17). This element is rare in most types of Western ammunition but is still common in ammunition manufactured in Russia or Eastern bloc countries. The tin concentration is significantly high in test shots 12 and 17, and its presence is also readily detected by SEM-EDA (see Fig. 9 ).
The interpretation of the barium results is problematic. In the concentration range of 0.05 to 0.10 ppm, the results are inconclusive. Six of the 30 test shots in Table 2 fall within this range. At concentrations < 0.05 ppm, two of the nine test shots gave false negatives (test shots 3 and 8). The results of analysis by SEM-EDA confirm that barium is indeed present in these two test shots (see Figs. 10 and 1 l) . At concentrations > 0.10 ppm, two of the 15 test shots gave false positives (test shots 11 and 24). This was confirmed by the failure to detect by SEM-EDA barium particles associated with other elements characteristic of gunshot residue. Detection of barium by flameless AAS alone should be considered as a preliminary positive result; corroboration by SEM-EDA analysis increases the reliability of the finding. Additional Fourteen of the test shots listed in Table 2 were analyzed for potassium. Five are known to contain this element in the primer (test shots 13, 16, 19, 21, and 25). Numerous contamination problems were encountered with reagents, equipment, and background when analyzing the solutions by flameless AAS. In an attempt to overcome many of these problems, separate test shots were performed, and the potassium density was determined by regular AAS. Severe background problems still remained, with six text shots having background levels _ 7 ppm and eight test shots having background levels _<1 ppm. Of the eight test shots with low background levels, three contained potassium. If levels < 0.35 ppm are considered insignificant, one false positive and no false negatives were obtained. Potassium determinations are generally more reliable when SEM analysis is used (see Figs. 14 and 15) .
Reproducibility of Results
To determine the reproducibility of the flameless AAS technique, a series of five test shots was performed with each of the following three types of ammunition: a copper alloy fully jacketed bullet (.30-caliber carbine Western Winchester), a nickel-plated fully jacketed bullet (7.65 Gevelot), and a soft-lead bullet with a copper alloy coating (.22-caliber Remington high speed). The results are summarized in Table 3 .
The advantages of normalizing the copper-zinc concentrations become readily obvious. Although on a given type of ammunition the range between the minimum and maximum copper concentrations may approach a factor of two (Gevelot ammunition), the standard deviation on the normalized data is _+3.2% absolute. The average normalized lead-antimony concentrations clearly show that the 7.65 Gevelot and .30-caliber carbine Western Winchester ammunition contain antimony in the primer (antimony > 10%), even though some of the individual test shots have antimony values < 10%. A normalized antimony value < 10% does not necessarily mean that antimony is not present in the primer, especially if the absolute lead value is very high. However, the converse is generally true, that is, an antimony value > 10% is generally a very strong indication that the ammunition involved does contain antimony in the primer. In the case of .22-caliber Remington high-speed ammunitioni the normalized antimony value is very close to the reported level of antimony (0.91%) in the bullet lead [8] .
From the nickel results, it is clear that the 7.65 Gevelot ammunition contains nickel and the other two types of ammunition do not. There does not appear to be any particular interpretive value to the iron determinations. The barium results indicate that the .30-caliber carbine Western Winchester ammunition does contain barium, the Remington high-speed ammunition does not, and the results on the Gevelot ammunition are inconclusive. However, this should be considered as a preliminary result to be verified by SEM-EDA. The strontium and tin values show the range in results expected in ammunition not containing these two elements. No significant difference was found in elemental concentrations by varying the angle of entry from 90 ~ to 45 ~ (see Table 4 ).
Additional Information from S E M -E D A Spectra
Analysis by SEM-EDA of gunsot residues around entrance holes made by bullets fired at long range can complement the data obtained by flameless AAS. The spectra frequently provide additional useful information about the ammunition composition, which would be difficult to deduce from f!ameless AAS, partially because of the high probability of serious background contamination. For example, calcium silicide is frequently found in primers, as is shown clearly by test shot 14 in Table 2 (see Fig. 16 ). Sometimes additives such as aluminum (see Fig. 13 ) or strontium associated with magnesium and chloride in 5.56-mm caliber tracer ammunition can be readily detected.
One element found in some primers from Eastern bloc countries, old Western bloc ammunition, and Russian ammunition is mercury. This element proved to be extremely difficult to detect by SEM-EDA; it was not detected even after several hours of searching the area around a bullet hole produced by a cartridge known to contain mercury in the primer. This was the only element commonly associated with gunshot residues for which this problem occurred.
A measure of the degree of differentiation that can be obtained, utilizing the methods and principles discussed in this article, among types of ammunition is illustrated in Fig. 17 . From a total of 30 test shots involving 26 different types of ammunition, 17 classification groups containing one or more test shots and 12 classification groups containing only one test shot were obtained.
Conclusions
Primer particles of various compositions can readily be detected by SEM-EDA around entrance holes produced in cotton cloth by bullets from various guns fired at ranges of up to 200 m. Primer particles can also be detected by SEM-EDA on the base of the recovered bullet. Elements associated with primer compounds have been detected around bullet entrance holes by flameless AAS. The various elements associated with the bullet jacket, coatings, and core can be detected by either or both methods. The only common primer element not detectable was mercury. Normalization of the data for elements commonly associated as alloys, for example, copper-zinc and lead-antimony, facilitates interpretation of the data from flameless AAS and provides additional useful information. Copper-lead ratios are also of value, even though the absolute reproducibility of each element may vary widely from shot to shot. Strontium in tracers and paint on bullet tips also provide additional parameters for differentiating between types of ammunition that have caused a given bullet hole. Shots fired at entrance angles of 45 ~ and 90 ~ produced no significant differences in results. 
